Plant genomes encode numerous small molecule glycosyltransferases which modulate the solubility, activity, immunogenicity and/or reactivity of hormones, xenobiotics and natural products. The products of these enzymes can accumulate to very high concentrations, yet somehow avoid inhibiting their own biosynthesis. Glucosyltransferase UGT74B1 (UDPglycosyltransferase 74B1) catalyses the penultimate step in the core biosynthetic pathway of glucosinolates, a group of natural products with important functions in plant defence against pests and pathogens. We found that mutation of the highly conserved Ser 284 to leucine [wei9-1 (weak ethylene insensitive)] caused only very mild morphological and metabolic phenotypes, in dramatic contrast with knockout mutants, indicating that steady state glucosinolate levels are actively regulated even in unchallenged plants. Analysis of the effects of the mutation via a structural modelling approach indicated that the affected serine interacts directly with UDP-glucose, but also predicted alterations in acceptor substrate affinity and the k cat value, sparking an interest in the kinetic behaviour of the wild-type enzyme. Initial velocity and inhibition studies revealed that UGT74B1 is not inhibited by its glycoside product. Together with the effects of the missense mutation, these findings are most consistent with a partial rapid equilibrium ordered mechanism. This model explains the lack of product inhibition observed both in vitro and in vivo, illustrating a general mechanism whereby enzymes can continue to function even at very high product/precursor ratios.
INTRODUCTION
Family 1 glycosyltransferases comprise a large family of enzymes which typically transfer the glycosyl moiety of a sugar nucleotide diphosphate donor to a small molecule acceptor [1] . The family has been the subject of intensive study because its members glycosylate various important organic molecules including all known plant hormones except ethylene, co-factors, and numerous natural products [2] . In many cases, the glycoside products accumulate to concentrations orders of magnitude greater than those of the substrates, in spite of the fact that, from a thermodynamic perspective, one would expect the reactions to be reversible, at least in the case of glucose ester formation, where G can be close to zero. If, in the absence of a strong thermodynamic driving force, enzyme function depends only on its ability to stabilize the transition state of a reaction, one would predict that the enzyme-catalysed reaction would be easily reversible, which is clearly not the case for many glycosyltransferases [2] , and reversibility in turn requires product binding and the possibility of product inhibition. This implies that these enzymes are protected from product inhibition by some unknown mechanism.
GS (glucosinolates) are thioglucoside natural products which have received wide attention both for their importance in plant defence and for the ability of their degradation products to favourably modify carcinogen metabolism in humans [3] [4] [5] . In Arabidopsis thaliana, the glucosylation step of their biosynthesis is catalysed by UDPG (UDP-glucose)-dependent glucosyltransferase UGT74B1 (UDP-glycosyltransferase 74B1) [6] , which transfers the glucose to the sulfhydryl group of a TH (thiohydroximate; Figure 1 ). In addition to the expected low GS chemotype, plants harbouring the knockout allele ugt74b1-2 show various morphological phenotypes, many of which are likely to result from the 'overflow' of indolic GS biosynthetic intermediates into the auxin biosynthetic pathways, whereas others may be due to TH toxicity. The micromolarrange apparent K m value we previously reported raises an interesting paradox, because we also found that 1 μM PATH (phenylacetothiohydroximate) was lethal to plant cells [6] . Although the in vivo concentration of TH is unknown, these results raise the question of how plant cells are able to synthesize GS without suffering the effects of TH toxicity, given that efficient UGT74B1 function apparently requires substrate concentrations which are likely to be detrimental (but see the Discussion section).
The direct products of UGT74B1 are dsGS (desulfo-GS), compounds which ordinarily do not accumulate in leaf tissues to detectable levels [7] . The enzyme would therefore not be expected to be subject to product inhibition under normal circumstances, because the next enzyme in the biosynthetic pathway, a sulfotransferase, appears to metabolize dsGS very efficiently. However, recent work on adenosine-5 -phosphosulfate metabolism in Arabidopsis revealed that apk1 apk2 (adenosine-5 -phosphosulfate kinase 1 and 2) double mutants, which are severely impinged in their ability to synthesize GS and other sulfated compounds, owing to an apparent deficiency of the sulfate donor 3 -phosphoadenosine-5 -phosphosulfate, accumulate extraordinarily high levels of dsGS: ∼ 10 μmol/g of fresh mass [7] . If these compounds are accumulated in the cytosol, the total concentration of dsGS must be well in excess of 10 mM, or ∼ 4 orders of magnitude greater than the apparent K m value of UGT74B1 for TH. We might predict that these extremely high concentrations of products would inhibit UGT74B1 and recapitulate the high auxin phenotypes of the ugt74b1-2 mutant. Yet apk1 apk2 plants do not exhibit the severe morphological phenotypes of the ugt74b1-2-knockout mutant, which (together with the large amount of accumulated product) indicates that UGT74B1 is fully functional and not subject to product inhibition.
A recent screen in Arabidopsis for wei (weak ethylene insensitive) mutants recovered two alleles, wei9-1 and wei9-2, with point mutations in UGT74B1 [8] . Preliminary characterization revealed that these mutant lines do not have the severe morphological phenotypes of the ugt74b1-2-knockout mutant, leading us to suppose that the wei9 mutations may be partial lossof-function alleles. The kinetic characterization of UGT74B1 and wei9-1, together with follow-up inhibition studies, that we report in the present study not only explain the relatively mild phenotypes of the wei9 alleles, but also the lack of product inhibition observed in apk1 apk2 plants.
EXPERIMENTAL

Production of recombinant proteins
Recombinant N-terminally His-tagged UGT74B1 was cloned in the vector pQE30 [6] . The construct was expressed in M15 pREP4 Escherichia coli cells and grown in Super Broth medium. After an initial 4-h incubation at 37
• C the bacterial culture was cooled to 20
• C and induced with 1 mM isopropyl β-Dthiogalactopyranoside. The cells were harvested by centrifugation at 5000 g after a 20-h incubation. The bacterial pellet was resuspended in lysis buffer [50 mM potassium phosphate (pH 7.8) and 300 mM NaCl] and lysed by sonication. The lysate was clarified by centrifugation at 13 000 g. Clarified lysate was applied to TALON resin (Clonetech) and allowed to bind for 30 min. The resin was washed with 10 bed volumes of lysis buffer and subsequently with 2 bed volumes of buffer containing 15 mM imidazole (the composition of wash and elution buffers is the same as lysis buffer with the addition of a specific amount of imidazole). The protein of interest was eluted with 300 mM imidazole. The elution fraction containing the purified GT was analysed by SDS/PAGE and then concentrated using Amicon protein concentrators (Millipore). The concentrated protein was diluted in storage buffer [50 % (v/v) glycerol, 10 mM Tris/HCl (pH 7.5) and 100 mM NaCl (final concentrations)]. A plasmid for expression of WEI9-1 mutant protein was generated from the plasmid expressing wild-type UGT74B1 by QuikChange mutagenesis PCR with primer 5 -GCATTTGTTTCGTTTGGTC-TGTTTGGGATTCTCTTTGAG-3 and its reverse complement. The correctness of the construct was confirmed by sequencing. WEI9-1 protein was expressed and purified in the same way as wild-type UGT74B1. An example of an SDS/PAGE gel used to evaluate protein purification is shown in Supplementary Figure  S1 (at http://www.biochemj.org/bj/450/bj4500037add.htm).
Molecular modelling and thermodynamic calculations
The three-dimensional structure of UGT74B1 was modelled with the molecular modelling software YASARA [9] . YASARA identified ten templates suitable for homology modelling of UGT74B1 on the basis of alignment scores and low E-values. Based on alternative alignments done by YASARA, altogether 104 models were automatically created and subsequently refined. The model based on the X-ray structure of a flavonoid glucosyltransferase from the PDB (PDB code 2C1Z) [10] resulted in the best quality Z-score of YASARA ( − 1.477). The structure and localization of UDPG in the active site was automatically carried over from the template X-ray structure and included in model refinement. This best model was finally refined with the 'md-refinement' tool of YASARA. The quality of the final model was checked with PROSA II [11] and PROCHECK [12] . Graphical analysis with PROSA II showed an energy course almost identical to that of the template except in a small loop area (residues 210-220) in the positive energy range, but the combined energy Z-score of − 9.72 clearly indicates a nativelike folded structure. All analysis with PROCHECK evaluated the model inside or better for all stereochemical parameters, e.g. the Ramachandran plot quality (91.3 % of the backbone dihedral angles in most favoured areas and only Ser 377 as an outlier).
For investigation of the effects caused by the S284L mutation, the corresponding mutation was introduced into the model and after md-refinement-simulated annealing optimization of the mutated enzyme was carried out.
The ligands were docked using the GOLD-suite 5.0.1 [13, 14] . For each ligand, 30 docking runs with GOLD-score and standard settings of GOLD were performed. To capture slight induced fit conformational changes after docking of PATH and IMTH (N-methylindoleacetothiohydroximate) and to calculate their interaction energies with both proteins, the corresponding structures were energy optimized using MOE (http://www. chemcomp.com/software.htm) applying the PFROSST force field [16] with Born solvation [17] . Afterwards, the interaction energies between PATH, IMTH and UDPG with both UGT74B1 and WEI9-1 were calculated.
The structures of UGT74B1 and WEI9-1, both docked with IMTH, have been deposited at the PMDB (http://mi.caspur.it/ PMDB/main.php) [18] , were accepted and received the following PMDB identifiers: PM0078311 (UGT74B1) and PM0078312 (WEI9-1) for free download. Semi-empiric quantum mechanical PM7 calculations have been performed to estimate the reaction enthalpies for the catalysed reaction with MOPAC2012 (http://OpenMOPAC.net). Gas-phase heats of formation for each species (reactants and products) were calculated. Assuming a proton transfer from the acceptor substrate to the histidine (His 22 ) of the catalytic dyad and a simultaneous proton transfer from the protonated histidine (His 354 ) to the leaving diphosphate, protonation and deprotonation compensate each other and need not to be included in the thermodynamics calculations, a notion supported by mutational analysis of other GT1 members [19] .
Reagents
The UDP, UDP-glucose and standard substances were purchased from Sigma-Aldrich. Buffer components, if not stated otherwise, were purchased from Carl Roth. Acetonitrile was purchased from JT Baker and the water for chromatographic analysis was purified by TKA water purifier. PATH and IMTH were synthesized as described previously [20, 21] . Desulfosinigrin and desulfo-3-indolylmethyl-GS were prepared by on-column digestion of intact GS with Helix pomatia sulfatase (Sigma), followed by preparative liquid chromatography.
UGT activity assay
Assays were performed under conditions of demonstrated linearity with respect to time and protein amount. The reaction components (UDPG, protein and TH) were dissolved in 10 mM Bis-Tris-propane-HCl (pH 7), 10 mM MgCl 2 , 1 mM dithiothreitol and 0.1 mg/ml BSA. The total reaction volume was 100 μl. The assays were started by the addition of enzyme and incubated at 30
• C for times varying from 1 to 10 min and stopped by addition of 10 μl of 24% (v/v) trifluoroacetic acid. After a short centrifugation to remove precipitated proteins, the products were analysed by chromatography. All assays were performed in triplicate.
Analysis of dsGS
Preparation and analysis of dsGS from plants was described previously [21] [22] [23] .
Enzymatic reactions were separated at 40
• C on a Waters Acquity UPLC system using HSS T3 C18 2.1 × 100 mm, 1.8 μm C18 column (Waters), with acetonitrile and water at a flow rate of 0.5 ml min − 1 . The starting conditions for the analytical run were 99 % water (A) and 1 % acetonitrile (B). The gradient program was: 1 min at 1 % B, linear gradient to 20 % B over 1 min and 1 min at 20% B. Reaction products were detected spectrophotometrically at 226 nm. The product formed from the 
indolic TH was measured by fluorescence at 290 nm and 340 nm excitation and emission respectively.
Kinetic constants
The apparent constants reported in Table 1 were derived by nonlinear least-squares fitting of data from initial velocity studies to eqn 1:
where S is the substrate under consideration. The constants reported in Table 2 were calculated from appropriate replots of the experimental data using equations derived from the rate equation for partial rapid equilibrium Bi Bi ordered kinetics [24] , modified to include the 'EBQ' complex, where E is the enzyme, substrate B is the thiohydroximate and product Q is UDP:
where 
RESULTS
GS profile of the wei9-1 mutant
Given that the wei9-1 mutation affects a known GS biosynthetic gene, UGT74B1, an obvious first step was to examine the GS profile of the mutant plants in comparison with wild-type and the previously characterized knockout mutant ugt74b1-2.
As expected, levels of most GS in the knockout mutant were depressed relative to Columbia wild-type ( Figure 2 ). By contrast, GS levels in wei9-1 were largely unaffected, although the content of 4-methylsulfinylbutyl GS was slightly, but significantly, lower than in the wild-type (P = 0.014). Although apparent differences in the accumulation of other compounds were not statistically significant, several (notably indolemethyl GS, the second most abundant GS in the Columbia accession) seemed marginally higher in the wei9-1 mutant, a trend also observed in several independent repetitions of this experiment (results not shown). Overall, these data are inconsistent with the idea that the wei9-1 mutation results in complete loss of function.
Modelling the effect of the wei9-1 mutation
The wei9-1 allele differs from wild-type by a single pointmutation which alters Ser 284 to leucine. The affected serine The active site of the wild-type enzyme with bound IMTH. Broken black lines indicate the hydrogen bonds between the catalytic dyad and the substrate. The distance of the hydrogen atom of the substrate sulfhydryl to the His ε atom is 2.1 Å. The red broken line connects the sulfhydryl with the glucosyl carbon which is subject to nucleophilic attack (distance 4.7 Å). (C) Active site of the S284L mutant enzyme with bound IMTH. Broken black lines indicate the hydrogen bonds between the catalytic dyad and the substrate. The increased distance (3.9 Å) between the hydrogen atom of the SH group of the substrate to the His ε atom probably diminishes the catalytic activity (k cat ) of the enzyme. The distance between reactive groups of the substrates is also significantly increased (red broken line, 5.5 Å).
residue is highly conserved among Family 1 glycosyltransferases: among closely related UGTs, all have serine at this position except VvGT1 (anthocyanidin 3-O-glucosyltransferase 2; PDB code 2C1X), which has a conservative threonine substitution [10] . To better understand the potential effect of the wei9-1 mutation, we constructed a homology-based model of UGT74B1 with the donor UDPG bound. As is apparent in Figure 3 (A), Ser 284 is optimally positioned to form a hydrogen bond with the diphosphate backbone of the sugar donor. Indeed, this interaction is actually observed in the published crystal structures of plant UGTs [10, [25] [26] [27] . Ser 284 is at least 9 Å (1 Å = 0.1 nm) from the TH, precluding direct interaction (not shown).
Next, the S284L mutation was introduced into the model, and both wild-type and mutant proteins were used for in silico docking experiments as detailed in the Experimental section. Figure 3(A) shows that the productive hydrogen-bond interaction of the phosphate backbone with Ser 284 is replaced by a repulsive interaction with hydrophobic Leu 284 . This repulsion affects not only the conformation of UDPG, but also causes a considerable shift in the position of the Phe 285 side chain. We therefore predicted that, at a minimum, WEI9-1 should exhibit reduced affinity for UDPG.
While the S284L mutation has only minor effects on enzyme tertiary structure, the shift in position of Phe 285 is communicated to the side chains of Tyr 376 , Gln 20 and His 190 , which in turn changes the structure of the active site significantly (compare Figures 3B  and 3C ). Whereas in UGT74B1 the SH group of the substrate is ideally positioned to interact with the catalytic dyad His 22 and Asp 113 (black broken lines in Figure 3A ), in the mutant protein, the SH to His ε distance is increased from 2.1 to 3.9 Å ( Figure 3B ). The distance between the sulfur atom and the C1 of the glucosyl residue (red broken line) is also increased from 4.7 to 5.5 Å. These increased distances can be expected to diminish the catalytic efficiency of the WEI9-1 protein.
The calculated interaction energies for both proteins and both substrates used in the present study are listed in Table 3 . Loss of the attractive interaction between Ser 284 and the phosphate backbone due to the mutation leads to a large reduction (7.2 kcal/mol; 1 cal = 4.184 J) of the interaction energy with UDPG. The docking experiment predicts smaller effects of the mutation on binding of TH substrates (0.7-1.7 kcal/mol).
On the basis of this homology model, we naïvely predicted that the WEI9-1 protein would show a strongly reduced affinity for UDPG relative to UGT74B1, and a significant reduction in the k cat value, while its affinity for the acceptor substrate would be less strongly affected. However, kinetic studies soon revealed that the situation is more complex.
Initial velocity studies
In order to compare the kinetic properties of UGT74B1 and WEI9-1, His-tagged versions of both proteins were expressed in E. coli cells and purified by affinity chromatography (Supplementary Figure S1) . After initial experiments to establish that the measured product accumulation was linear with respect to time and the amount of enzyme, and to roughly determine the apparent K m value for the various substrates, we conducted initial velocity studies with a range of both donor and acceptor substrate concentrations. In all cases, the concentration range was designed to include the apparent K m value at its midpoint.
Initial velocity studies included two different acceptor substrates, PATH and IMTH (Figure 1 ). For both UGT74B1 Lineweaver-Burk plots are clearly intersecting both when the fixed substrate was UDPG (A) and when it was IMTH (B) indicating a sequential mechanism with formation of a ternary complex.
( Figure 4 ) and WEI9-1 ( Figure 5 ), Lineweaver-Burk replots show an intersecting pattern, indicating formation of a ternary complex in which the enzyme must bind both acceptor and donor substrates before any reaction takes place. This result rules out a Ping-Pong mechanism, which would generate parallel lines. Furthermore, the fact that the point of intersection does not fall on the ordinate argues against a rapid equilibrium ordered mechanism [24] .
Although the general patterns in Figures 4 and 5 are similar, the magnitude of the measurements reveals important differences between the two proteins (Table 1) : as expected, the affinity of WEI9-1 for UDPG is substantially reduced with respect to the wild-type protein (K m app increased by ∼ 14-fold); the k cat value is also reduced. Surprisingly, however, its affinity for the acceptor substrate is affected much more strongly: the K m app value for IMTH is increased ∼ 81-fold. That is, in spite of the fact that the residue affected by the point mutation interacts directly with UDPG, the substitution has a much stronger effect on the affinity for the acceptor. We regard this as strong evidence that binding of the UDPG promotes binding of the TH, which sparked an interest in determining whether UGT74B1 has an ordered or a random binding mechanism. As for the wild-type protein (Figure 4) , the intersecting Lineweaver-Burk plots in the presence of fixed concentrations of UDPG (A) or IMTH (B) indicate a sequential mechanism. Note, however, the difference in scale: the mutant protein has a lower V max and a higher K m value for both substrates (compare Figure 4 and Table 1 ).
PATH is a natural substrate of UGT74B1, whereas IMTH is a methylated derivative of the natural substrate indoleacetothiohydroximate; IMTH has previously been shown to be a quasi-natural product incorporated into 1-methylglucobrassicin in planta [28] . The results shown in Figures 4 and 5 were obtained with IMTH as the acceptor substrate. Similar experiments with PATH generated the same pattern, and showed the same strong effect of the wei9-1 mutation on acceptor affinity. This equivalency, together with the greater fluorescence yield (and thus lower detection limit) of the indolic compound, its greater stability (relative to the unmethylated indolic compound), and the opportunity it afforded to use desulfoindolemethyl GS in product inhibition studies, made IMTH the natural choice to be the acceptor substrate in the product, and alternative substrate, inhibition studies.
Product inhibition studies
Product inhibition studies with UDP as the inhibitor clearly show that this compound is competitive with UDPG, as indicated by the fact that the lines of the Lineweaver-Burk plot clearly intersect on the ordinate ( Figure 6A ). This is unsurprising, as UGTs are typically quite specific with regard to the nucleotide portion of the donor molecule [1] . The residues mediating recognition of the uridyl and/or phosphatidyl moieties can therefore be expected to also bind UDP.
When IMTH is varied at different fixed concentrations of UDP, the replot generates lines intersecting on the abscissa, indicating that UDP is a non-competitive inhibitor with respect to the acceptor ( Figure 6B ). This result could be interpreted as definitively excluding a rapid equilibrium ordered mechanism, which would produce a competitive inhibition pattern (i.e. infinite [TH] could always force the enzyme to maximum velocity). However, this pattern would be observed only if the inhibitor (UDP) does not promote the binding of the acceptor. As noted above, however, disruption of the Ser 284 -UDPG interaction in WEI9-1 has a dramatic negative impact on enzyme affinity for the acceptor substrate; since the interacting functional groups are also present in UDP, this product may well have similar effect, which would account for the non-competitive pattern observed.
We also attempted product inhibition studies with two different dsGS: desulfo-3-indolylmethyl-GS and desulfosinigrin. The former is a bona fide UGT74B1 product in vivo; while desulfosinigrin is not a natural product, the enzyme readily generates this compound in vitro from the corresponding TH [20] . Neither compound inhibited the reaction, even at concentrations up to 4 mM. That is, even a 1000-fold excess of the thioglucoside product had no effect on the enzyme, confirming our previous supposition (see the Introduction section) that UGT74B1 is somehow resistant to inhibition by the dsGS product. Unfortunately, the lack of inhibition again denied us the chance to exclude the rapid equilibrium ordered mechanism, which otherwise would have exhibited a characteristic uncompetitive inhibition pattern. Thus we decided to use PATH as an alternative substrate inhibitor to answer this question definitively.
Alternative substrate inhibition studies
Unsurprisingly, when varied concentrations of IMTH are assayed at different fixed concentrations of PATH, the double-reciprocal plots intersect on the vertical axis, very close to the origin (Figure 7) . Thus the alternative acceptor behaves as a competitive inhibitor with respect to IMTH. However, this would be true regardless of the kinetic mechanism of the enzyme, and so bears no diagnostic information allowing us to differentiate between the various possibilities.
The intersecting lines in the replot of the data produced by varying UDPG at different fixed concentrations of PATH finally allow exclusion of the rapid equilibrium ordered mechanism, which would produce the parallel lines indicative of uncompetitive inhibition. The observed non-competitive inhibition is consistent with both rapid equilibrium random and steady-state ordered mechanisms. 
DISCUSSION
Reported kinetic mechanisms for glycosyltransferases are extremely varied, including rapid equilibrium random [29] , rapid equilibrium ordered [30] , steady-state random [31] , steady-state ordered [32] , Theorell-Chance [33] and iso ordered Bi Bi systems [34] . In those cases where enzymes show ordered binding, it is nearly always the donor which binds first, but this is not universal [35] . It is therefore clear that nothing inherent to the glycosyltransferase reaction requires a particular mechanism, and the mechanism of a particular enzyme may thus be tailored by evolutionary forces to suit its function. We are aware of only two studies of plant enzymes which unequivocally determine kinetic mechanism; both are steady-state ordered systems in which UDPG binds first and UDP is the last product released [32, 34] . We are not aware of any study in which the glycoside product failed to inhibit the enzyme responsible for its formation, as we report in the present study for UGT74B1. The kinetics data of the present study (summarized in Table 4 ) are formally consistent with both rapid equilibrium random and steady-state ordered mechanisms. We discuss each of these possibilities in turn. First, we note that the key diagnostic replots typically used to distinguish the two mechanisms are impossible in this case because the dsGS product does not act as an inhibitor. However, we reject a random binding model based on the effect of the wei9-1 mutation. In initial velocity studies with both wild-type and mutant proteins (Figures 4 and 5) , the observed patterns consist of lines which intersect at or below the abscissa. If the mechanism were random, this would indicate that α>1; that is, that the binding of UDPG either does not affect the affinity for the TH, or actually decreases it. The effect of the wei9-1 mutation argues strongly against this: the conserved Ser 284 residue almost certainly engages UDPG in a productive hydrogen bond, on the basis of both our modelling results and published crystal structures of plant UGTs, strengthening the binding of this substrate. Disruption of this interaction by substitution with a leucine residue not only has the expected effect of lowering the affinity of the enzyme for UDPG, but dramatically increases its K m value with respect to the TH. This is completely consistent with the notion that UDPG binds to the enzyme first, and that this binding strongly promotes acceptor binding.
An ordinary steady-state ordered mechanism in which neither the enzyme nor the enzyme-UDP complex has a measureable affinity for the dsGS product is a possible explanation for the observed kinetic behaviour of UGT74B1. However, we believe the lack of inhibition by dsGS is itself a decisively important clue that this explanation is inadequate. In fact, this absence of inhibition is an explicit prediction of the partial rapid equilibrium ordered Bi Bi mechanism. In this model, binding and release of the first substrate to add and the last product to leave are much more rapid than other binding and catalytic steps, such that these ligands are in equilibrium with the free enzyme and their respective complexes. While the experiments required to
Figure 8 Proposed kinetic mechanism
Shown is a partial rapid equilibrium ordered Bi Bi system, with dead end EBQ complex. EBQ in this case is the enzyme-UDP-TH complex. The reaction segments which are at equilibrium are boxed. The behaviour of the system is described by eqn 2.
demonstrate this mechanism conclusively are beyond the scope of the present paper, it is the model we propose (Figure 8 ), and we offer two arguments to support it: one based on parsimony and one on the structures of the molecules involved.
First, the partial rapid equilibrium model is the simplest explanation for the kinetic data obtained in the present study for UGT74B1. As noted, lack of inhibition is an explicit prediction of the model, whereas acceptance of an ordinary steady-state model requires the additional assumption that the enzyme-UDP complex has (for unknown reasons, but see below) no measureable affinity for the thioglucoside product. Given two possible explanations, we must prefer the simpler.
Secondly, UGT74B1 is capable of specific interactions with both glucosyl residues and thiohydroximate side chains: it will accept other UDP-glycosides to a very limited extent (Grubb, C.D., unpublished work), and it discriminates strongly between PATH and IMTH ( Table 1 ). The fact that the enzyme can specifically bind both components of desulfo-3-indolylmethyl-GS makes it very hard to rationalize the lack of inhibition by this compound under the presumption of an ordinary steady-state model. The partial rapid equilibrium model, however, provides a ready explanation: the rapid dissociation of UDP means that the concentration of enzyme-UDP complex will effectively be zero in our assay conditions, so the inhibitor has no binding partner.
The observed inhibition patterns reported in the present study match the predictions of a partial rapid equilibrium mechanism, with one exception: the model predicts that UDP should be a competitive inhibitor with respect to IMTH, and we observe non-competitive inhibition. However, this prediction is only valid if there is no dead end EBQ complex (in our case, an enzyme-TH-UDP complex). Given that UDPG promotes TH binding, and that this promotion appears to depend on an interaction between the enzyme and the phosphate backbone (as shown by the biochemical properties of WEI9-1), there is every reason to expect that UDP also promotes TH binding. In this case, the observed noncompetitive inhibition is expected, and our data match the predictions of a partial rapid equilibrium ordered mechanism in every respect. The expected behaviour of this system is expressed by eqn 2 and the kinetic constants derived from it are given in Table 2 .
Additional support and insight into this interpretation comes from a study of glycosyltransferase GtfA from Amycolatopsis orientalis [35] . The authors report structures of GtfA both with and without TDP. Intriguingly, binding of the nucleotide diphosphate induces a major conformational change in GtfA which includes not only a shift in the relative orientations of the N-and C-terminal domains, but the ordering of an extended loop which is unobserved in the apo form of the enzyme. Similarly, Acharya and co-workers found that a donor substrate-induced conformational shift was critical to the strictly ordered binding observed in the bovine α-1,3-galactosyltransferase [36] . It is tempting to speculate that a similar conformational change, mediated at least in part by the Ser 284 -UDPG interaction, is responsible for formation of a high-affinity TH-binding site in UGT74B1. Interestingly, a study of macrolide glycosyltransferases from Streptomyces found that an analogous mutation in the enzyme OleI (oleandomycin glycosyltransferase; S264A) had very little effect on substrate binding, but a similar substitution of Ser 333 , which interacts with the α-phosphate of UDPG, has dramatic effects on affinity for both donor and acceptor substrates [19] . Thus donor-driven promotion of acceptor binding may be a general feature of GT1 enzymes, and the wei9-1 mutation may have identified a residue with a special role in this process. In this context, it is very interesting to note that analysis of the crystal structure of GnT1 (UDP-N-acetyl-D-glucosamine:α-3-D-mannoside β-1,2-N-acetylglucosaminyltransferase I) suggests a similar role for Ser 322 [37] . The authors propose that this residue allows the enzyme to monitor whether the bond connecting the β-phosphate and the glucosyl residue is intact, and thus whether the reaction has taken place, as well as participating directly in a mechanism to promote product release and prevent product inhibition [38] . Given that UGT74B1 belongs to the glucosyltransferase superfamily GT-B, whereas GnT1 belongs to superfamily GT-A, and that these two superfamilies probably have no phylogenetic relationship [2] , this functional similarity would represent an outstanding example of convergent evolution at the molecular level.
The idea that glycosyltransferases may require a specific mechanism to guard against product inhibition was first suggested (to our knowledge) byÜnligil and Rini [38] . Although UDP glucose is considered a high-energy donor, it should be borne in mind that carboxylic acid esters also have relatively high heats of formation, providing energy which could be used to drive reactions in the same way that substrate-level phosphorylation of ADP is driven by the mixed anhydride 1,3-bisphosphoglycerate in glycolysis. In the case of the reactions considered in the present study, we calculated that the net r H is 3.5 kcal/mol for PATH and 0.6 kcal/mol for IMTH. We have not measured the G of these reactions, but the entropic contribution can be expected to be minor, as the reaction is stoichiometrically balanced and there is no obvious reason that any species involved would have unusual steric constraints. So although the driving force for the reaction clearly must come from consumption of UDP, this by itself is not a satisfactory explanation for the apparent lack of product inhibition in vivo; on the other hand, if UDP release is far faster than thioglucoside binding (as we propose), this allows us to interpret both our in vitro and in vivo observations entirely in terms of the properties of the enzyme.
The modelling results match very well with the observed differences in the kinetic behaviour of the wild-type and mutant proteins. Comparison of the interaction energies of the acceptor substrates reveals a close correlation with the observed K m values: the affinity for PATH is much lower than for IMTH, and the reduction of affinity caused by the mutation is higher for IMTH than for PATH in agreement with the experimental K m values (Tables 1 and 3 ). Although changes in entropy (to calculate real free energies) are not considered, these are expected to be very similar for the two substrates. Although the docking experiment predicts a greater effect of the S284L mutation on binding of UDPG than on that of TH substrates, two things should be borne in mind. First, the calculated binding energies do not include the energy cost for desolvation of the free substrates before binding to the proteins, and these can be expected to be much greater for UDPG. Secondly, as discussed above, UDPG binding may induce major conformational change with profound consequences for the structure of the TH-binding site. Our model is based on a template with UDPG already bound, and does not attempt to capture the effects of such a conformational change.
In light of the data reported in the present study, the apparent lack of product inhibition in the apk1 apk2 double mutant, particularly the absence of high auxin phenotypes reported by Kopriva and co-workers, is simply explained by the kinetic mechanism of UGT74B1 [7] . Although the subcellular localization of the dsGS accumulated in this mutant is unknown, there is no reason to suppose that plants have a vacuolar dsGS importer, since these compounds do not normally accumulate. Even if 90 % of the dsGS were vacuolar, apk1 apk2 plants would still have cytoplasmic concentrations three orders of magnitude higher than the K m value of UGT74B1 for TH, which may safely be regarded as the upper limit of in vivo TH concentration. The mechanism of the enzyme is therefore key to explaining the relatively mild phenotypes of the apk1 apk2 double mutant. We note, however, that recycling of UDP could also contribute to protecting UGT74B1 from product inhibition, as in the absence of UDP the enzyme may simply lack a dsGS-binding site.
The apparent paradox raised by the previously reported K m value as compared with the measured toxicity of TH to plant cells cannot be rationalized by the results reported in the present study. It is possible for an enzyme operating well below its K m value to provide sufficient activity if it has high turnover, or if it is simply present in large amounts. Although UGT74B1 does not have a particularly high k cat value, the idea that it compensates inefficiency with abundance is fairly reasonable: the highest flux through the GS pathway we have found in the literature is a jasmonic acid-induced doubling of indolic GS in 24 h [39] . This corresponds to ∼ 0.1 μmol GS/g of fresh mass; if our measurement of the V max value fairly reflects in vivo activity, and leaves contain 5 % protein by mass [40] , then UGT74B1 operating at a substrate concentration of 1/10th of K m value could manage this flux if it constituted ∼ 0.1 % of total leaf protein, which is certainly possible. However, it is difficult to see how this argument could be extended the wei9-1 mutant, given that the protein is 50 times less active. But this is not the only possible explanation. As noted, the in vivo concentration of TH is unknown, and it remains possible that GS synthesis is localized to idioblasts such as the S-cells described by Koroleva et al. [41, 42] , which may be somehow protected from TH toxicity, allowing the substrate to be present at concentrations in the range of the K m value. Alternatively, the explanation for this paradox may not lie in the properties of the isolated UGT, but in those of a supramolecular GS biosynthetic complex, as proposed by Halkier and Gershenzon [4] . Within such a complex, channelled intermediates may have local concentrations far in excess of those averaged over the whole-cell volume, serving the dual purpose of allowing component enzymes to operate at high efficiency and protecting the cell from the unwanted side reactions of unstable intermediates. We find this hypothesis particularly attractive, as it would not only explain how UGT74B1 is able to operate efficiently in planta, but also the moderate phenotype of the wei9-1 mutant in which enzyme function is severely impaired.
We were very intrigued to find that the partial loss-offunction wei9-1 mutant has normal, or even slightly increased, levels of GS. At present, we have no explanation for this chemotype. In addition, the morphological phenotypes of the wei9-1 mutant are far milder than those of the complete knock out (Supplementary Figure S2 at http://www.biochemj. org/bj/450/bj4500037add.htm). The fact that the mutant has any phenotype at all implies that WEI9-1 is rate-limiting for GS synthesis, yet the plants accumulate the same (or greater) levels of GS as does the wild-type. The simplest explanation for these seemingly contradictory observations is that GS accumulation is under active control even in plants that are not pathogenchallenged; in other words, the observed accumulation of these compounds is not merely the equilibrium of substrateconcentration-dependent rates of synthesis and degradation. This in turn implies the existence of a 'GS receptor' which monitors accumulation of these compounds, and is capable of inducing their synthesis in those cases where pathway flux is restricted, as observed in the wei9-1 mutant. Therefore alterations in gene regulation, such as induction of GS regulatory or biosynthetic genes, as well as other metabolic phenotypes of the wei9 alleles, will be an important focus for further investigation.
In summary, our initial characterization of a partial loss-offunction mutation in UGT74B1 prompted us to take a detailed look at the kinetic mechanism of the wild-type enzyme, allowing us to propose a mechanism which provides insight into the behaviour of the GS pathway in vivo. We wish to stress that we believe this is not merely a detail of secondary metabolism in a model plant; as noted, every plant hormone except ethylene is subject to glycosylation, and the glycosylated forms frequently accumulate to concentrations orders of magnitude greater than those of the precursor. Explanation of this fact purely in terms of enzyme function eliminates the need to rely on ad hoc hypotheses, such as the idea that the products must be sequestered in the vacuole. Furthermore, characterization of the wei9-1 mutation provides indirect support for the existence of a supermolecular GS biosynthetic complex as well as a clear indication that GS accumulation is actively regulated even in unchallenged plants. 
